Introduction
Protoplast isolation and fusion techniques ·are now being used for the production of hybrids that are not possible using traditional sexual hybridization, even in conjunction with tissue culture techniques such as embryo rescue. These techniques are radically different from sexual hybridization since somatic cells, rather than germ cells, are fused.
Hybridization barriers, both pre-and post-zygotic, can be breached using ,... protoplast fusion. The opportunities for transfer of genetic .information from one species to another are certainly very great and have been adequately discussed elsewhere (Schieder and Vasil 1980) . Protoplast fusion with subsequent plant regeneration and verification of hybrid nature was first reported by Carlson et al. (1972) . Since then, many other researchers have demonstrated hybrid plant production using protoplast fusion, usually with sexually-compatible species~ One early report (Gleba et al. 1975 ) · demonstrated production of a cytoplasmic hybrid tobacco that was sexually unattainable. Melchers et al. (1978) reported the first plant production from protoplast fusion of incombatible species: Solanum tubersom and Lycopersicum ~sculentum. Others have since reported on unique hybrid plant production (Schieder and Vasil 1980) .
One of the main barriers in wide-scale use of protoplast fusion for plant hybridization is the identification and the physical selection of the hybrid away from the non-hybrid protoplasts or cells. In order to minimize the number of non-hybrid cells that must be maintained, the optimum selection time should be just after protoplast fusion has occured. Several selection methods have been developed with possibly the easiest technique being visually to select the hybrid on the basis of morphological characteristics of t.he protoplasts and then to isolate the fused Redenbaugh 4 pr.-o:top,lasts as indf,\did:uaT. un·iit:s. tn, a Cuprak dish (Kao 1977) or with a m,f.cromanipulator (Gleba. andJ HOJffman 1978; Patnaik et al 1982) . This tedmi.que is 1 imited ~Y.' the rTUmbe.r-of fused protopl asts an operator can identify and sort, which is, a.ppr.axJmately 100 to 200 a day (Patnaik et al. 1982) .
four other selection• methods.: have been used which have resulted in the production of regenerated hybri'd plants from fused protoplasts. The most common method to date, aTbino mutant complementation (Dud its et al. 1977) , requires finding and c:haracteri:ztng mutant genotypes ( ce 11 1 i nes or p 1 ants) that are cemplementary for al:bini'sm. Albinos may be relatively common in sane species bu_t extremely rcare or· absent in others, particularly '· tetraploids or plants of higher ploidy levels. Fusion of two complementary albino parents will result tn the production of green functional chloroplasts and hence green callus and plants. A third selection method uses differential drug resistance so that only the fused, hybrid protoplasts will grow on the antibiotics-containing medium, while unfused protoplasts or homokaryons will not grow (Power et al. 1976) . In a similiar manner, hybrid protoplasts can be selected using biochemical complementation (Maliga et al. 1977) such as differential resistance to amino acid analogs (Harms et al. 1981) . A fifth method uses differential growth responses of the various populations of protoplasts on specific media. In this case, only the hybrid protoplasts or cell lines can grow into callus or regenerated plants (Smith et al. 1976 ). This method has been useful in conjunction with albino complementation, differential drug resistance or biochemical complementation selection methods.
These selection methods have major limitations. The visual selection method is very labor intensive and can only provide a small number of fused and/or sorting of plant protoplasts, except for a brief mention of flow cytometric analysis of Euphorbia leaf protoplasts (Redenbaugh et al. 1981) . Melamed et al. (1979) gave an excellant review of the techniques and application of flow cytometry and cell sorting. This paper presents results from experiments in which protoplasts (fused or unfused) were characterized and sorted for five species:
Euphorbia lathyris, Nicotiana glauca, ~· langsdorfii, Petunia parodii, and f. inflata using flow cytometry and cell sorting techniques. concentration of 5 mg/ml. The solutions were stored in darkness at 4 C and were used within one month of preparation. Two methods of protoplast staining were used. In one, fluorochrome solutions were added directly to the enzyme solutions at the beginning of protoplast isolation. After 12 to 16 h incubation with the fluorochromes, protoplasts were isolated as described above. Alternatively, the fluorochromes were added to a suspension of the isolated, purified protoplasts. After 30 minutes incubation, excess stain was washed out by repeated centrifugation (100g for 10 min) in fresh M/SP1-9 medium. This latter method did not provide sufficient staining efficiency and was not used widely. Some protoplast populations were stained with both FITC and RITC to mimic fusion of differentially-stained populations. Quantity of the stain solutions per ml enzyme-protoplast solution varied from 1 to 36ul with the majority of experiments using 3.6ul FITC and/or 7.2ul RITC. A control population of protoplasts was left unstained.
Emission spectra of the fluorochrome solutions and of the four protoplast populations were determined at various excitation wavelengths using a Perkin-Elmer MPF2A fluorescence spectrophotometer. The wavelengths used {457, 488, 497 and 502nm) matched those available on the argon-ion laser and were within the published range of excitation wavelengths for FITC and RITC. Protoplast density for all determinations was approximately 10 6 /ml.
Protoplast Fusion
Two populations of I· lathyris protoplasts, one stained with 3.6ul FITC/ml enzyme-protoplast solution and the other with 7. 2ul RITC/ml were fused using PEG (MW 6000) following the methods of Power and Davey (1979) .
As a control, two additional populations of FITC~ and RITC-stained
protoplasts were prepared and treated in the same manner as the fused population but without the addition of the PEG. A doubly-stained population was used as an additional control.
Flow Cytometry
Protoplast characterization was done using a flow cytometer made specifically for the Laboratory of Chemical Biodynamics (Pearlman 1978) and is equiyalent to the Los Alamos Scientific Laboratory Flow System II described by Holm and Cram (1973) . Protoplasts are introduced into a flow system via vacuum uptake (2 PSI) and are focused by a sheath liquid into a thin laminar flow stream which passes through a 250u diameter aperture at a flow velocity of 4-5 M/sec. This separates and aligns the cells so that they pass singly through the area of illumination in a specially designed flow cell. Fluorochromes within the protoplasts are excited by a laser beam (Spectra Physics Model 171 argon-ion laser, 1 watt intensity) tuned to 488nm with an eliptical cross-section of 9 X 75um. Other wavelengths (457.9, 465.8, 472.7, 476.5, 496.5, 501.7 , and 514.5 nm) were found to be suboptimal for simultaneous maximization of both FITC and RITC emission.
The emitted light is split by a dichroic mirror ( by Fulwyler et al. (1979) .
RESULTS

Protoplast Preparation and Staining
A density of protoplasts per ml CPW21S solution (protoplast isolation frequency) of approximately 1 -2 x 10 6 was achieved for all species. I· lathyris protoplasts were used for much of the flow cytometric analysis and protoplast numbers were often in excess of 10 7 protoplasts per gfw of leaves.
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Fluorescein isothiocyanate (FITC) and rhodamine isothiocyanate (RITC), when dissolved in absolute ethanol, have fluorescence emission peaks at 520 and 580nm respectively (Fig. 2) . Both fluorochromes can be excited at 488nm. I· lathyris protoplasts which were unstained, stained with either FITC or RITC, or a combination of both to mimic fusion, have different emission spectra when irradiated at 488nm (Fig. 3) . FITC-stained protoplasts have a peak fluorescence emission at 520nm and RITC-stained protoplasts show an emission peak at 580nm. The doubly-stained protoplasts fluoresce at both' 520 and 580nm while unstained protoplasts exhibit no fluorescence peaks in this spectral region. The 680nm peak is due to chl o.rophyll fluorescence which is excluded by the specific band-pass filters used for flow cytometric analysis. Stain concentrations less than 2ul/ml of enzyme-protoplast solution gave variable staining efficiencies and concentrations greater than 15ul/ml were often very destructive to.
protoplasts. The optimum, single excitation wavelength for FITC and RITC was determined to be 488nm. Other wavelengths tested, both with the fluorescence spectrophotometer and flow cytometer, did not sufficiently differentiate RITC from FITC on the basis of fluorescence spectra.
Flow Cytometry
Protoplast populations from I· lathyris, ~· glauca, and~· langsdorfii, stained with FITC, RITC, or both stains, were analyzed with ~ the flow cytometeri Only those populations which showed a staining frequency of greater than 99% were used for analysis. Protoplast counts and staining frequencies were determined on a Zeiss !CM 405 inverted microscope equipped with a UV fluorescence epi-illuminator and standard filter combinations to distinguish FITC and RITC fluorescence. Fluorescent light emitted from FITC-and RITC-stained protopl asts passes and appears. only through one or the other filter combination, while doubly-stained protoplasts fluoresced under both filter combinations (Fig 4,A-G) . Fused protoplasts could be identified under the microscope by the presence of both fluorochromes within one protoplast (Fig. 4,H . .
Redenbaugh 13
A ratio of the analog signals from the PMT's {576:526 or 526:576) was used because of a machine requirement for a minimum signal from both of the PMT's {along theY-axis only) before the signal would register in the multichannel pulse height analyzer. Without the ratio no signal would register along theY-axis for a fluorochrome that has only a minimum fluorescence along the X-axis. This poses no difficulty for sorting purposes since doubly-stained or fused protoplasts appear between the two axes; but for flow cytometric analysis and display requirements it is desirable to have all three histograms available (as seen in Fig. 8 ). The problem can be partially overcome, without using a ratio for the two signals, if the PMT high voltage and gain are increased; however, the resulting histograms lose quality.
The net effect of using a ratio of fluorescence signals {526:576) is that the histogram derived from FITC-stained protoplasts shows fluorescence intensity values of a magnitude greater than either RITC-stained protoplasts (Fig. 5 ) or doubly-stained protoplasts (Fig. 7) . The effect is to increase artificially the fluorescence intensity by shifting the histogram up the 526:576 axis. The shape of the histogram is not altered.
The doubly-stained protoplasts have signals from both PMT's yielding a ratio value close to 1 while the FITC-stained protoplasts yield a ratio value much larger than 1 due to the very small signal detected in the 576 histograms • Samples of fused ·FITC-and RITC-stained· protoplasts were analyzed and compared with mixed, but unfused samples (Figs. 9-12 ). The unfused population had fluorescence peaks along both axes but few signals near the origin. The relatively low peak along the 576:526 axis is due to a larger Redenbaugh 14
number of FITC-stained protoplasts as compared to RITC-stained protoplasts.
The multichannel analyzer stops compiling when any one channel is filled, as in this case for FITC-stained protoplasts. The fused sample has a large number of signals near the origin, which compares favorably with the control histogram of the doubly-stained population (Fig. 7) . As expected, there was also a large population of singly-stained protoplasts within the Protoplast staining efficiency using FITC and RITC was often 99 -100% but was not consistent for all isolation attempts. This inconsistency of staining is contrasted by the 100% staining of Nicotiana protoplasts described by Galbraith and Mauch {1980). Most likely two factors in our experiments are responsible for this variation. The fluorescence intensity of isothiocyanate solutions is greatly diminished over time even when stored at 4 C in darkness; therefore, FITC and RITC solutions stored for one month will have a marked decrease in fluorescence intensity. The second factor is that ethanol, in which the stains are dissolved, is a source of free hydrogen ions that wi 11 protonate the terminal ami nes on plasma membranes, thereby decreasing the binding efficiencies of the isothiocyanate groups (FITC and RITC) to the membrane proteins (acidic media can have the same effect). Presumably Galbraith and Mauch (1980) avoided these problems by using only freshly prepared stains dissolved in acetone (not a proton donor) although they ~re not specific on this.
Further work in our laboratory indicates that a much more intense and uniform staining of l· lathyris protoplasts is achieved when acetone is used as the stain solvent and at an elevated pH {pH 7.5 or greater). In agreement with Galbraith and Mauch (1980) we found the staining procedures to be non-toxic to the protoplasts. Although we used a species (l· lathyris) for which protplasts had not previously been isolated, we were able to induce callus formation and shoot production from FITC-and RITC-stained leaf protoplasts. Protoplast fusion frequency is not a critical factor for hybrid selection using flow cytometry and cell sorting since at a typical flow rate of 1,000 protoplasts per second, a one percent fusion frequency would provide 10 fused products per second. The frequency of fused I· lathyris protoplasts (based on the presence of both fluorochromes) was determined to be about 1% by light microscopy. This corresponds well with the 1.3%
frequency of fused protoplasts as determined by integration of the unique region in the flow cytometric histogram for fused protoplasts (Fig. 11) .
Because of the great efficiency of the flow system, heterokaryon recovery should be possible even when fusion frequencies are as low as 0.01% (one fused product per 10 s of sorting).
Recovery and reanalysis of intact protoplasts sorted on the FACS IV suggest that the prqtoplasts are able to withstand the relatively harsh Heterokaryons can be identified, characteri_zed, and di sti nqui shed from homokaryons and unfused protop·lasts using non-toxic levels of fluorescent .' , 700 ~00 600 700 ~00 600 700 500 600 700
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